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ABSTRACT 
The ambient air concentration of vinyl chloride down-
wind of the BKK Landfill in West Covina, CA is estimated 
using four air pollution screening models. BKK has accepted 
hazardous and municipal wastes since 1963. Disposal of 
waste solutions containing vinyl chloride was stopped in 
June, 1981 after exceedances of the California ambient air 
vinyl chloride standard were measured. Since then, however, 
vinyl chloride has continued to volatilize and diffuse to 
the landfill surface. The emission rate of vinyl chloride 
is estimated using pertinent landfill data including the 
concentration of vinyl chloride in landfill gas, the depth 
of the soil landfill cover, soil porosity, and the portion 
of the hilly landfill impacting two residential monitoring 
sites under different wind patterns. Due to the lack of on-
site meteorological data, dispersion parameters in the 
screening models are estimated using data from the Ontario 
International Airport, 15 miles east of the landfill. Per-
formance of the screening models is evaluated by comparing 
model estimates to monitoring data. A virtual point source 
screening model, recommended by the u.s. EPA (1981), esti-
mates measured concentrations of vinyl chloride at ~KK with 
an average error of 8% and is suggested for assessing toxic 
air pollution downwind of other hazardous waste landfills. 
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CHAPTER 1 
Introduction 
Toxic organic chemicals disposed in hazardous waste 
landfills volatilize over time, diffuse through the soil 
landfill cover to the surface, are dispersed downwind, and 
may cause health problems. Ambient air monitoring downwind 
of several hazardous waste landfills has revealed trace 
concentrations of carcinogens, mutagens, and teratogens 
(U.S. EPA, 1981). Simple air pollution dispersion equations 
called screening models have been used or proposed for 
estimating concentrations downwind of area sources such as 
landfills. Screening models are used in regulatory analyses 
of sources such as landfills to determine whether potential 
health threats or exceedances of air quality standards exist 
and whether ambient monitoring or more detailed computer 
modeling should be conducted. Sedefian (no date) and the 
U.S. EPA (1981) recommended screening models for assessing 
landfill air pollution without evaluating their performance. 
The objective of this project is to evaluate the 
performance of four screening models in estimating ambient 
vinyl chloride concentrations downwind of the BKK1 Landfill 
in West Covina, CA, a suburb of Los Angeles. The emission 
1 BKK are the initials of the landfill founder. 
1 
rate of vinyl chloride is first estimated, giving the land-
fill source strength. Vinyl chloride concentrations are 
estimated with the four screening models using meteorologi-
cal and landfill input data representative of ambient air 
monitoring periods in March and August , 1984 . Model esti-
mates are then compared to measured vinyl chloride concen-
trations. Values of the relevant EPA/AMS (Tikvart and Cox, 
1984) statistical performance measures quantify the accuracy 
and precision of each model. 
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CHAPTER 2 
Toxic Air Pollution From Landfills 
This chapter discusses volatilization, diffusion, 
estimation of emissions, and modeling and monitoring of 
ambient concentrations of vinyl chloride as related to the 
BKK Landfill. BKK is a co-disposal landfill, having 
received organic chemical waste (including vinyl chloride 
waste) and municipal waste. Vinyl chloride is a known 
carcinogen, mutagen, and teratogen (SCAQMD, 1982). In May, 
1978, the California Air Resources Board (CARB) established 
an air quality standard for vinyl chloride of 10 ppb for a 
24-hour average to minimize risk resulting from exposure. 
Vinyl chloride is one of the few toxic air pollutants for 
which an air quality standard has been established. Used 
primarily in the synthesis of polyvinyl chloride (PVC), 
vinyl chloride (chloroethene, c2H3Cl) has a molecular weight 
of 62.5 and is a colorless gas at standard temperature and 
pressure. 
2.1 Volatilization of Wastes 
Liquid or semi-solid organic chemical wastes disposed 
in landfills will volatilize, the vapors subsequently 
diffusing through the soil landfill cover to the surface. 
Factors affecting volatilization are listed in Table 1. 
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TABLE 1: Factor s Affecting Volatilization 
of Organic Chemical Waste 
Factor 
Molecular weight1 
Vapor pressure1 
Quantity of or~anic 
chemical waste 
Presence of other 
organic chemical waste 2 
pH of the waste3 
Solubility of organic 
chemical wast1 in any 
soil mois t ure 
lshe n (1982) 
~Dobbs and Cull (1982) 
She n (1981) 
Effect 
Compounds with low mole-
cular weights usually 
volatilize more rapidly. 
Compounds with high vapor 
pressures usually vola-
tilize more rapidly. 
Volatilization rate is 
independent of quantity. 
Volatilization rate is 
independent of other 
organic chemical waste. 
Affects reactions with 
other chemical waste, 
which could speed, slow, 
or end volatilization. 
Soluble wastes vola-
tilize more slowly and 
may be transported beyond 
the landfill boundary by 
laterally movi ng ground-
water. 
The vapor pressure is calculated using the following 
equation (CRC , 1984): 
log10 p = -0.05 223a + b 
T 
( 1) 
where pis the vapor pressure (mm Hg) and T is the absolute 
temperature (°K). The constants a and b are determined by 
substituting values of p and T (tabulated in CRC) into (1) 
4 
and solving the equation for the two constants (Weast, 
1984). For vinyl chloride, a= 24005, b = 7.71, and (1) 
becomes1 : 
log10 p = 7. 71 - 1253. 78/T 
The vapor pressure of vinyl chloride at different 
temperatures is shown in Table 2. 
TABLE 2: Vapor Pressure of Vinyl Chloride 
at Different Temperatures 
Temperature ( 0 c) 10 20 30 40 
Vapor Pressure (mm Hg) 1915 2712 3752 5086 
Source: CRC (1984) 
2.2 Diffusion of Vapors 
Organic chemical vapors diffuse through the soil land-
fill cover and escape from the surface of the landfill. 
Landfill and waste characteristics affecting diffusion are · 
listed in Table 3. Soil porosity and the amount of munici-
pal waste co-disposed with organic chemical waste are 
1 The Handbook of Chemistry and Physics no longer 
recommends the vapor pressure equation cited by Shen (1982) 
and others, which was as follows: 
log10 p = B - 0.2185A/T (in general) and, 
log10 p = 8.2028 - 1368.47/T (for vinyl chloride). 
At 30°C, this latter equation overestimates the vapor 
pressure of vinyl chloride calculated using (1) by 30%. 
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important in determining landfill emission rates and are 
discussed further. 
TABLE 3: Factors Affecting Diffusion Through 
a Soil Landfill Cover 
F~ctor 
Porosity 
Atmospheric £ressure 
fluctuations 
Other organic chemical 
waste2 
Temperature gradient 
between lan~fill bottom 
and surface 
Wind speed 
Amoun4 of municipal 
waste 
Chemical reactions4 
6 
Effect 
Increased porosity allows 
more diffusion and 
emission. 
Pumping action from pres-
sure fluctuations have 
been found to enhance the 
diffusion of benzene 
through a soil layer by 
13%. 
Volatile chemicals 
enhance diffusion; larger 
quantities also enh ance 
diffusion. 
Large gradients between 
a warm landfill interior 
and a cool surface 
enhance thermally-induced 
diffusion. 
Increased wind at the 
surface enhances the 
"wick effect," speeding 
diffusion. 
Anaerobic decomposition 
of organic matter in 
municipal waste produces 
gases which accelerate 
diffusion. 
Exothermic acid reactions 
could increase t h ermal 
diffusion. 
TABLE 3 (Continued) 
Thickness ~f soil land-
fill cover 
Soil moisture content4 
Infil~ration of surface 
water 
~Thibodeaux et al. (1982) 
CARB (1982a) 
!u.S. EPA (1981) 
Shen (1981) 5Rovers and Farquhar (1973) 
Increased thickness 
increases diffusion time. 
Considerable time before 
placement of the final 
cover will allow more 
emission. 
Moisture fills soil 
pores, slowing diffusion. 
Methane gas production 
from anaerobic decomposi-
tion, which accelerates 
diffusion, is enhanced by 
some infiltration, 
impeded by rapid infil-
tration, and slowed by no 
infiltration. 
Soil porosity is the ratio of the volume of voids to 
the total volume of soil aggregate, usually expressed as a 
percentage (Terzaghi and Peck, 1967). It represents the 
degree to which a gas can diffuse through a soil layer, with 
large porosities resulting in more diffusion. The landfill 
cap or soil cover porosity is the controlling parameter in 
the emission of organic chemical vapors diffusing through a 
landfill cover (Thibodeaux et al., 1982). Soil porosity is 
affected by such soil parameters as soil compaction, mois-
ture content, and the type and amount of organic matter 
(Shen, 1982). Shen found the porosity of highly compacted 
7 
soil or moist soil to be about 35%, while dry, loosely 
packed soil had a porosity of 55%. Shen used a value of 40% 
in an emission rate estimate through a landfill cover 
consisting of manure, paper mill sludge, and topsoil. 
Thibodeaux (1984) suggested using a porosity of 20% in 
screening techniques for landfills with undetermined porosi-
ties. Farmer (1984) suggested a value of 20% for compacted 
soils with low clay or loam content. 
Anaerobic decomposition of organic material in munici-
pal wastes generates gases such as methane, carbon dioxide, 
hydrogen, ammonia, and hydrogen sulfide (Shen, 1981). These 
gases accelerate diffusion of organic chemical vapors. 
Anaerobic decomposition can elevate internal landfill 
temperatures to 150°F (Pearl, 1984). The temperature of 
gases extracted from BKK ranged from 65-80°F in winter 
(SCAQMD, 1984) to 80-90°F in summer (Arjaratman, 1984). 
The diffusion coefficient (a measure of the rate of 
gaseous diffusion) has been empirically derived for several 
organic chemicals at different temperatures (Shen, 1982). 
The diffusion coefficient of vinyl chloride at different 
temperatures is shown in Table 4. 
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TABLE 4: Diffusion Coefficient of Vinyl Chloride 
at Different Temperatures 
Temperature (°C) 10 20 30 40 
Diffusion 
coefficient (cm2/s) 
.10094 .1 0726 .11375 
.12040 I 
Source: Shen (1982) 
2.3 Estimating Emission Rates 
This section discusses two methods of estimating land-
fill emission rates: one, which inc ludes the diffusion 
enhancing effects of anaerobic decomposition and atmospheric 
pressure fluctuations, but which is not solvable for vapor 
pressures greater than 1 atm, and another which considers 
soil porosity and the concentration of organic chemical 
waste in the landfill, but assumes that the diffusion of 
vapor is the only transport mechanism through the soil 
landfill cover. 
Thibodeaux et al . (1984) estimated emission rates from: 
where: NA = vo l atile chemica l flux (g/cm2 s), 
V = apparent bio-gas velocity (cm3 /cm2 s) 
(gas from decomposing organic matter), 
PA = vapor pressure of the chemical (atm), 
MA = molecular weight (g/mole) 
R = gas constant (82.1 atm cmj/mole °K), 
T = temperature (°K), 
PT = atmospheric pressure (atm) , 
(2) 
L = soil cover (cap) thickness (em), 
D =effective diffusion coefficient (cm2/ s). 
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This empirical equation is an extension of Fick's Law 
describing vapor diffusion through a soil layer. Eq. (2) 
includes the effects of gas production from anaerobic 
decomposition, atmospheric pressure fluctuations, and the 
depth of the soil cover through which the vapor diffuses. 
The equation is independent of the concentration of the 
organic chemical waste in the landfill. 
NA appears on both sides of (2) for cases in which 
PA > O.OSPT. Eq. (2) is solved by an iterative process 
initiated by substituting (3) into (2). For cases with no 
gas production (V = 0) from anaerobic decomposition, 
Thibodeaux et al. (1984) use: 
1 ( 3) 
Eq. (3) is not solvable for highly volatile compounds such 
as vinyl ch loride with vapor pressures greater than 1 atm. 
Hence, (2) cannot be used to estimate the emission rate of 
vinyl chloride from BKK. 
Shen (1981) estimated landfill emission rates from the 
following equation which is solvable for chemicals with 
vapor pressures greater than 1 atm: 
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where: E· 1 
D· 1 
csi 
A 
pt 
L 
W· /W 1 
; 
= emission rate of chernical 2 i (g/s), 
= diffusion coefficient (ern /s), 
= saturated vapor ~oncentration (g/crn3 ), 
= exposed area (ern ) , 
= soil porosity (%), 
= effective depth of soil cover (ern), 
= weight fraction of chemical i in the 
landfill (g/g or ppm). 
The saturated vapor concentration is calculated using the 
ideal gas law in the form: 
where: csi = 
p = 
M = 
R = 
T = 
C · = pM/RT S1 
saturated vapor concentration (g/cm3 ), 
vapor pressure (mm Hg) , 
molecular weight (g/mole), 
gas constant 
(6.23 x 10 4 mm Hg cm3 /mole °K), 
absolute temperature (°K). 
( 4) 
( 5) 
Eq. (4) assumes that a given concentration of chemical 
waste will volatilize, resulting in a saturated vapor 
concentration. The vapor then diffuses through the soil 
landfill cover at a rate determined by the diffusion coeffi-
cient, the cover depth, and the porosity to yield the 
emission. The exponent on porosity (4/3) was empirically 
derived by Shen (1981). 
In deriving (4), Shen modified the gas migration 
equation of Farmer et al. (1980), which was also based on 
Fick's Law. Migration equations estimate emission rates by 
using the difference in the landfill gas concentration 
between the surface and the landfill bottom assuming that 
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the concentration gradient will produce diffusion out of the 
landfill. (The gas concentration at a landfill bottom is 
not commonly measured.) 
The California ARB (CARB, 1982a) estimated that anaer-
obic gas production at co-disposal landfills causes organic 
chemical vapors to be transported through a soil landfill 
cover to the surface 4 to 16 times faster than if only 
organic chemical wastes are present. This faster gas 
diffusion was incorporated by multiplying (4) by an average 
emission rate enhancement factor of 6, yielding: 
E 0 = 6 D ° C 0 APt 4 I 3 ( 1 I L) ( W 0 I W) l l Sl l ( 6) 
Thibodeaux et al. (1982) found that when biodegradeable 
waste was present, daily flux rates through a soil landfill 
cover of varying depth and porosity ranged from 37 to 290 g 
benzenelm2• When no bio-gas was produced, daily flux rates 
decreased to between 10 and 30 g benzenelm2• Thus, 
Thibodeaux et al. (1984) recommended a similar emission rate 
enhancement factor of 7. 
2.4 Dispersion Modeling 
Ambi e nt air conce ntrations of toxic organic chemical 
vapors downwind of landfills may be estimated using simple 
air pollution dispersion models called screening models. 
Shen (1982) estimated ambient concentrations and compared 
them to monitoring data around a landfill containing 5,000 
12 
ppm PCB. Shen first used (4) to estimate the landfill 
emission rate. Then, although recommending use of the PAL 
(Point Area Line) computer model from EPA's UNAMAP (User's 
Network for Applied Modeling of Air Pollution) dispersion 
model series to estimate downwind PCB concentrations, Shen 
used the Gaussian ground level point source model: 
where: X = 
X = Q 
'IT ('Jy ('JZU 
concentration (g/m3 ) at distance x (m) 
downwind, 
( 7) 
Q 
('Jy 
= 
= 
source strength or emission rate (g/s), 
standard deviation of the horizontal plume 
concentration (m) , 
az 
u 
= 
= 
standard deviation of the vertical plume 
concentration (m) , 
mean wind speed (m/s). 
Shen compared the model estimate to ambient PCB samples 
collected with Tenax adsorbent cartridges. Tenax is appro-
priate for volatile, non-polar aromatic hydrocarbons but 
less appropriate for sampling PCB (Riggin, 1984), which is a 
polar molecule with low volatility. This places some 
question on the monitoring data and the model evaluation. 
The monitoring involved 24 hour samples. The stability was 
assumed to be neutral or Class D, roughly an average of 
nighttime stability and daytime instability. Winds were 
averaged for the 24 hour sampling period. The temperature 
at the surface of the landfill was used in determining the 
vapor pressure and the diffusion coefficient for the 
diffusing PCB. 
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Three area source dispersion equations are appropriate 
for evaluation as screening models to estimate concentra-
tions downwind of landfills . Turner (1969) modified (7) to 
apply to a square area source represented by a virtual 
upwind point source. The standard deviation ay is replaced 
by ay1 = ayo + ay' where ayo = sl4.3, s being the length 
of a side of the landfill in meters. The virtual upwind 
distance is xy. Eq. (7) is used, calculating ay1 at a dis-
tance of x + xy• The standard deviation a 2 is calculated 
at the downwind distance x, taken to be the distance from 
the downwind receptor to the downwind landfill border plus 
the distance from the border to the center of the landfill 
or sl2 . Raygor (1973) found that this method "accurately 
predicts downwind concentrations" from an area source (not a 
landfill). 
The U.S. EPA (1981) recommended a similar virtual 
upwind point source dispersion equation: 
X= 16(2Q) ( 8) 
2., LvJ2., a 2 u 
All variables are as in (7) except Lv, which is the virtual 
downwind distance to the receptor. The distance Lv is the 
sum of L, the distance from the landfill center to .:the 
receptor and L', the distance from the upwind virtual point 
source to the landfill center. The distance L' is given by: 
L' = ( s I 2) cot ( 2 2. 5o I 2) ( 9) 
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where S is the width in meters of the landfill perpendicular 
to the wind direction. The standard deviation az is based 
on L, not Lv. EPA stated that if the source width is 
greater than 40% of the distance from the source center to 
the receptor, this virtual point source approach would lead 
to less reliable concentration estimates. 
Sedefian (no date) recommended the simple box model of 
Gifford and Hanna (1970): 
where: c = 
Q = 
u = 
K = 
s = 
a = 
b = 
C = KQ 
u 
concentration (g/m3), 
area source emission 
wind s£72d (m/11' b) (2/w) (s/2) -
a(1 - b) 
rate (g/m2 s) , 
length of a side of an area source 
0.15, 
0.75. 
( m) , 
The values of a and b were based on the Pasquill-Gifford 
( 10) 
stability parameters for neutral conditions with sampling 
periods of 24 hours or longer. 
The standard deviations, a y and a z' in these screening 
models are based on the Pasquill-Gifford diffusion esti-
mates, incorporated by Turner (1969) into a set of curves 
which are a function of stability class and downwind 
distance. Turner (1976) recommended modifying Pasquill's 
original stability classification scheme for use with an 
area source in an urban area. Turner's revised stability 
categories incorporate increased roughness and instability 
15 . 
over urban environments, and could apply at BKK because of 
the hilly terrain. 
Warm gases from anaerobic decomposition of the organic 
material in municipal waste will slightly increase the 
diffusion of the organic chemical vapors and, upon reaching 
the surface, being buoyant if the air temperature is cooler, 
contribute to a slight plume rise. However, gas velocities 
leaving landfills have been measured as slow as 1.6 x 10-3 
cm/s (Thibodeaux, 1981). The Davidson-Bryant and Bosanquet 
plume rise equations (Slade, 1968) calculate a plume rise 
under these conditions at less than 1 meter, which may be 
neglected in dispersion equations. Thus, the effective 
release height is at ground level. 
Area source dispersion models more detailed than 
screening models which might be appropriate for use downwind 
of landfills are four of EPA's UNAMAP dispersion models: 
PAL (Point Area Line source Gaussian plume dispersion 
model), ISCST (Industrial Source Complex-Short Term Gaussian 
plume dispersion model), RAM (a multiple-source Gaussian 
plume model), and VALLEY (a Gaussian plume model with 
terrain adjustment). RAM and PAL are quite similar in their 
area source input data, and dispersion and analytic geometry 
equations (Novak and Turner, 1976). However, RAM does not 
allow variable emissions data while PAL allows varying 
hourly emissions data to match changing meteorological 
conditions. 
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2.5 Ambient Monitoring at BKK 
Vinyl chloride monitoring data were collected by the 
SCAQMD at two locations near BKK (Rose, 1984). Monitoring 
samples were collected using 24 hour Tedlar bag samples. 
The samples were analyzed by gas chromatography/flame 
ionization detection (SCAQMD, 1982). The sampling period 
was 10:00 a.m. local time (LT) to 10:00 a . m. the following 
day. Tedlar bags are an accepted method for sampling vinyl 
chloride in ambient air (Riggin, 1983). A comparison of bag 
sampling (x) versus an automatic flame ionization detector/ 
gas chromatograph (y) for vinyl chloride had a linear 
regression in ppb of y = 0.78x + 7.31, with a correlation 
coefficient of 0.94 (SCAQMD, 1982). The accuracy of the 
continuous analyzer was not reported. A further comparison 
of SCAQMD bag sampling (x) versus CARB bag sampling (y) 
yielded a linear regression of y = 1.02x + 0.91, with a 
correlation coefficient of 0.97. Carbon molecular sieve 
solid adsorbents or cryogenic trapping are also acceptable 
methods for monitoring chemicals as volatile as vinyl 
chloride (Riggin, 1984). 
Two PVC manufacturing plants are located about 25 miles 
southwest of BKK, upwind during daytime sea breeze condi-
tions. However, these plants should not affect the concen-
trations measured at BKK considering the large distance for 
dispersal and that higher concentrations have been measured 
near BKK than near these plants (SCAQMD, 1982). Therefore, 
17 
background vinyl chloride concentrations around BKK should 
be near zero. 
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CHAPTER 3 
Project Design 
Information from the BKK Landfill was used to estimate 
the emission rate and ambient downwind concentration of 
vinyl chloride. The performance of four screening models 
was evaluated by comparing concentration estimates to 
monitoring data from two monitoring sites near BKK. The 
monitoring data consisted of two days in March and three 
days in August, 1984. 
BKK is located in the Los Angeles Basin. The Basin 
is surrounded by mountains to the north and east which rise 
to as high as 10000 feet above mean sea level (msl). In 
addition to these mountains which limit horizontal disper-
sion of air pollutants, vertical dispersion is limited by an 
inversion based below 2500 feet msl on 90% of the days 
(Keith, 1980). 
Fig. 1 shows the San Gabriel Mountains which form the 
northern boundary of the Basin. BKK is situated in the 
southwestern slopes of the San Jose Hills. Other geograph-
ical features in the vicinity of BKK are the Puente Hills to 
the southwest and south, the Chino Hills to the southeast, 
and the San Gabriel River valley to the west, near El Monte. 
The mild climate of the Basin is characterized by a 
fairly regular daily reversal of wind direction with a 
daytime westerly (onshore) sea breeze and a nighttime 
19 
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(offshore) downslope drainage wind from the north and east, 
depending on proximity to hills. The sea breeze is about 
twice as strong as the nighttime drainage wind and lasts 
longer during the summer (Keith, 1980). The downslope 
drainage wind usually begins along mountain slopes after 
midnight on most summer nights and starts shortly after 
sunset during the winter. 
3.1 Landfill Disposal Practices at BKK 
The BKK landfill has been one of the largest landfills 
in California, at one time receiving 20% of the state's 
volatile organic chemical waste disposed at landfills (CARB, 
1982b). BKK is a co-disposal landfill, having rece ived 
hazardous chemical waste (including vinyl chloride waste ) 
and municipal waste containing large amounts of organic 
material since 1963. Disposal of waste solutions from the 
synthesis of PVC consisting of vinyl chloride monomer and 
precursors to vinyl chloride such as ethylene dichloride 
(Arjaratman, 1984) were stopped in June, 1981 after exceed-
ances of the California ambient air vinyl chloride standard 
were measured (CA DOHS, 1983). 
Fig. 2 shows the hilly terrain of BKK which ranges in 
elevation from 600 to 1150 feet msl. BKK covers 583 acres 
of which 228 acres contain hazardous and municipal waste 
(Arjaratmari, 1984). In the main portion o f BKK a canyon has 
been filled with several layers (called lifts) of waste, 
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each about twenty feet deep, to a total depth of 50 to 150 
feet. On the hillsides of the landfill, wastes are 
deposited in trenched terraces, each about twenty feet deep. 
At the end of each working day the newly deposited 
waste is covered with three feet of compacted soil 
(Arjaratman, 1984) to prevent material from being blown from 
the lifts and to serve as a barrier to odors, vectors, fire, 
and infiltration of water (CA SWMB, 1978). The volatiliza-
tion rate can be much greater when the lifts are uncovered 
than after covering. Once a portion of the landfill has 
been completed, a final cover of five to ten feet of 
compacted soil is spread atop the daily covers. The final 
cover may be placed almost immediately if a given slope has 
been filled to capacity or may not be placed for several 
months if a slope can be filled with more layers of waste 
(Arjaratman, 1984). 
Gases from the volatilizing organic chemical waste and 
the decomposing municipal waste are extracted under a slight 
suction through pipes extending as deep as 150 feet into the 
landfill as part of a gas collection system (SCAQMD, 1982). 
The gases, primarily methane, are then sent by blowers to be 
burned at the surface in smokeless flares. This gas collec-
tion helps reduce the quantity of escaping gases affecting 
nearby residences. The depth to which the pipes extend 
varies throughout the landfill. The vinyl chloride concen-
tration in the gas collection system ranged from 1 20 to 470 
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ppm during a March 9, 1984 source test and, for the entire 
gas collection system, averaged 330 ppm (SCAQMD, 1984). 
3.2 Estimating Emission Rates 
The emission rate of vinyl chloride from BKK was esti-
mated using (6). The diffusion coefficient and saturated 
vapor concentration were determined by the methods discussed 
in sections 2.1 - 2.3. The temperature of extracted gases 
was 20°C for the March, 1984 period (SCAQMD, 1984) and 3o•c 
for the August, 1984 period (Arjaratman, 1984). The concen-
tration of vinyl chloride in the extracted landfill gases 
was used to approximate the vinyl chloride concentration in 
the landfill, assuming that the concentration of highly 
volatile vinyl chloride was uniform throughout the landfill 
and that the vinyl chloride concentration in the landfill 
gas approximated the vinyl chloride concentration in 
solution in the landfill. 
An average total final landfill cover (daily plus 
final) of ten feet of soil was used as the effective depth 
of the soil cover in (6). The porosity was estimated using 
Thibodeaux's (1984) suggested value of 20%. 
The portion of the landfill emitting vinyl chloride 
which impacts monitoring sites A and B varies under 
different wind directions due to the hilly terrain of BKK. 
Fig. 2 shows the topography at BKK, the location of the 
monitoring sites, and the adjacent residential areas. The 
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original topographical map (scale of 1"=200') of BKK and 
topographical maps of the surrounding valley were studied 
along with the wind data so that the exposed area in (6) was 
varied to reflect different wind patterns at the two 
monitoring sites. 
Most of the vinyl chloride measured at sites A and B 
was a result of nighttime downslope drainage winds (Rose, 
1984). A hill sloping upward to the north of site A allowed 
considerable area for drainage. A ridge north of site B 
appeared to direct most nighttime draining air and emissions 
away from this site. Because both monitoring sites were on 
the southern side of the landfill and the sea breeze fre-
quently blew from the southwest, about half of each day 
received no emissions since the landfill was downwind of the 
monitoring sites. The exposed area used in (6) and the 
corresponding wind patterns for the two monitoring sites are 
shown in Table 5. Table 6 shows the input values of the 
other parameters in (6). 
TABLE 5: Exposed Area of BKK Affecting Monitoring Sites 
A and B Under Different Wind Patterns 
Site EXJ20Sed Area (cm2 ) Wind Direction Wind Pattern 
A 2.60 X 10 8 330°-010° Hillside drainage 
1.67 X 10 8 270°-290° Sea breeze 
B 0.31 X 10 8 35o•-o3o• Hillside drainage 
1.86 X 10 8 100°-110° Valle,:[ drainage 
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TABLE 6: Emission Rate Input Data at BKK 
for March and August, 1984 
Eq. (6) Variable 
Di (cm2 /~) 
csi (g/c~ ) 
A (em ) 
pt (%/100) 
L (em) 
Wi/W (g/g or ppm) 
March Estimate 
0.1072~3 
9.28 X 10 
varies as 
0.20 
304.8_4 
3.3 X 10 
August Estimate 
0.11375 
1.24 X 10-2 
shown in TABLE 5 
0.20 
304.8_4 
3.3 X 10 
Emission rates were calculated for each hour of the 
five days used in this analysis. Table 7 summarizes the 
emission rate values appropriate to each monitoring site 
under different wind patterns. 
TABLE 7: Emission Rates (g/s) of Vinyl Chloride from BKK 
Affecting Monitoring Sites A and B for March 
and August, 1984 Under Different Wind Patterns 
Hillside Sea Valley 
Date Site Draina9:e Breeze Drainage 
March, 1984 A 0.197 0.126 
B 0.023 0.141 
August, 1984 A 0.279 0.179 
B 0.033 0.199 
3.3 Dispersion Modeling 
The ground level point source model (Shen, 1982), two 
virtual point source approximations to area source models 
(Turner, 1969 and U.S. EPA, 1981), and the simple box model 
(Gifford and Hanna, 1970) estimated downwind vinyl chloride 
concentrations. The point source model (Shen, 1982) was 
included for comparison because of previous use. 
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The ambient vinyl chloride concentration was estimated 
at the same distance downwind of the southern boundary of 
BKK as the two monitoring sites. From a detailed topograph-
ical map, site A was estimated to be 183 meters from the 
south-southeast landfill border. Site B was estimated at 23 
meters from the south landfill border. 
The lack of on-site meteorological data necessitated 
the use of hourly data from the Ontario International 
Airport, fifteen miles east of the landfill, to estimate 
landfill wind and stability conditions. Data from the El 
Monte Airport, about nine miles northwest of BKK, were 
unavailable. Fig. 3 shows the location of BKK relative to 
the Ontario Airport. Available hourly data from the Ontario 
Airport included wind speed and direction, air temperature, 
and sky cover. Sky cover was used in estimating the 
Pasquill atmospheric stability categories (Turner, 1976). 
Appendix A contains the wind speed, direction, and stability 
data. Weather maps for the study period (Appendix B) show 
that no major synoptic feature passed over the Los Angeles 
Basin on any of the days and that surface winds were not a 
result of a large pressure gradient. 
Most of the vinyl chloride measured at sites A and B 
. 
resulted from nighttime downslope drainage winds. When the 
Ontario Airport reported a wind direction between 330° and 
030°, with a speed less than 6 knots, the wind pattern at 
BKK was assumed to be downslope drainage. Ontario Airport 
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co 
Scale (.; r-
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reported several hours each night of downslope conditions. 
A wind speed of 1 m/s was used in the dispersion equations 
for hours when the Ontario Airport reported calm winds. 
Concentrations were estimated on an h ourly basis for 
the five days studied and are contained in Appendix c. (All 
hourly concentration estimates were well below the 8 hour 
OSHA standard for vinyl chloride of 1 ppm.) Table 8 shows 
the 24 hour and five day average estimated and measured 
vinyl chloride concentrations at sites A and B. 
The March period coincided with a March 9, 1984 source 
test of the landfill gas temperature and vinyl chloride 
concentration. The August data were used for comparison 
when the landfill gas temperature was warme r. The conc en-
tration of vinyl chloride in the landfill gas in August was 
assumed constant, although the concentration should be less 
than the March source test because no vinyl chloride mo nome r 
waste solution had been legally disposed at BKK since 1981 
(CA DOHS, 1983). An estimation of this August landfill gas 
concentration would not be accurate. 
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Site 
A 
B 
Key 
TABLE 8: Model Estimates and Measured Vinyl 
Chloride Concentrations (ppb) at BKK 
Date Mar. Mar. Aug. Aug. Aug. 
7-8 8-9 5-6 6-7 7-8 Average 
Measured 12 5 7 12 9 9 
Model 1 25.1 19.4 40.0 45.7 45.5 35.1 
II 2 9.1 7.3 14.8 16.7 16.9 13.0 
II 3 4.9 4.0 8.0 9.0 9.1 7.0 
II 4 45.9 42.8 76.7 81.1 87.3 66.8 
Measured 5 7 2 4 <2 4 
Model 1 24.3 13.1 30.4 32.4 32.2 26.5 
II 2 11.5 6.1 14.2 15.3 15.2 12.5 
II 3 5.5 3.7 8.4 8.7 8.9 7.0 
II 4 35.5 28.6 62.8 62.0 66.7 51.1 
Model 1 = Ground level point source (Shen, 1982) 
Virtual point source (Turner, 1969) 
Virtual point source (U.S. EPA, 1981) 
Simple box (Gifford and Hanna, 1970) 
II 
II 
II 
2 = 
3 = 
4 = 
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CHAPTER 4 
Model Evaluation 
The EPA and the AMS (American Meteorological Society) 
have agreed on statistical measures to be used in evaluating 
the performance of air pollution dispersion models (Tikvart 
and Cox, 1984). The EPA/AMS measures include bias (average 
and median), noise/scatter (variance, gross variability, 
average absolute residual), Pearson correlation coefficient, 
and frequency distribution comparison. The evaluation 
presented here includes a sensitivity analysis and EPA/AMS 
statistical performance measures of accuracy, precision, and 
correlation. 
4.1 Sensitivity Analysis 
The purpose of a sensitivity analysis is to identify 
input variables critical to good model performance , 
potential error in these input variables, and the decrease 
in model accuracy caused by input error. The models are 
assumed to be accurate in their formulation. 
Each meteorological and source related input parameter 
may be systematically varied so that the model error may be 
quantitatively analyzed , as done by Freas and Lee (1976). 
For this sensitivity analysis, the screening models will be 
analyzed qualitatively. The emission rate equation, (6), 
will be analyzed quantitatively. 
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Sedefian (no date) and U.S. EPA (1981) gave brief 
sensitivity analyses of their respective screening models . 
At BKK, use of off-site meteorological data may have led to 
error in the meteorological input variables. Without on-
site wind speed and direction data, the frequency and 
magnitude of eddies, occurring as a result of flow across 
the hilly landfill, could not be detected. Eddies may have 
been the cause of the apparent negative correlation in Table 
8 between the monitoring data and the model estimates at 
site B. 
The emission rates calculated from (6) are susceptible 
to error resulting from approximating undetermined source 
related input variables. The values of variables us e d in 
(6) were shown in Table 6. Table 9 lists the possible error 
for four of these input variables, based on information in 
sections 2.2 , 2.3, 3.1, and 3.2. 
TABLE 9: Possible Error in Emission Rate 
Input Variables at BKK 
Variable Minimum Maximum 
Emission rate 4 7 
enhancement factor 
Exposed area 1. 3 X 108 cm2 5 . 2 X 1 08 
(site A) 
Porosity 0.20 0.35 
Depth of 396.2 em 243.8 em 
soil cover ( 1 /L) 
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cm2 
The magnitude of the error in the emission rate may be 
quantitatively estimated by logarithmically differentiating 
(6) for the variables in Table 9, yielding: 
= A(enhancement factor) +~A+ 4/3(~Pt) - ~L 
6 A Pt L 
( 11) 
Summing (11) for the minimum and maximum errors listed in 
Table 9 results in an error of from -113% to 237% of the 
emission rate used in this model evaluation. Since the 
emission rate is used in the screening models, concentration 
estimates could have the same error. 
The factors behind these possible errors are as 
follows: variation of the emission rate enhancement factor 
with the amount of municipal waste; difficulty of approx i-
mating the size of the exposed area which affects a 
monitoring site for this hilly landfill (an error of plus 
or minus 50% was used in Table 9); variation of soil 
porosity with soil compaction and composition; variation of 
the depth of the landfill cover from hillsides to flat fill 
areas. 
Minimal error is expected in the remaining variables in 
(6). The assumption that the landfill vinyl chloride con-
centration in August was the same as in March may h_ave led 
to some error, but the average landfill gas concentration 
used should be a good estimate. The diffusion coefficient 
was empirically derived. The saturated vapor concentration 
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was calculated based on known or well-approximated vari-
ables. An undetermined but probably small error may be due 
to lateral movement of ground water above impermeable 
layers, which transports vapors and causes emissions beyond 
landfill boundaries. 
4.2 Performance Evaluation 
Screening models used to estimate concentrations down-
wind of landfills should be able to accurately predict peak 
concentrations so that if concentrations are predicted 
within an action level of a health or air quality standard, 
a regulatory agency can either conduct ambient air monitor-
ing or more detailed modeling. Model attributes to consider 
in evaluating the performance of a model are listed in Table 
10. For screening models, the first three attributes must 
be satisfied (Hayes, 1979). 
TABLE 10: Model Attributes in a 
Performance Evaluation 
1) Accuracy of the peak prediction 
2) Absence of systematic bias 
3) Lack of gross error 
4) Temporal correlation 
5) Spatial alignment 
Source: Hayes (1979) 
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EPA/AMS statistical performance measures useful in 
assessing model attributes are listed in Table 11. 
TABLE 11: EPA/AMS Statistical Performance Measures 
for Assessing Model Attributes 
1) Residual 
2) Average residual 
3) Average absolute residual 
4) Difference between average measured con-
centration and average absolute residual 
5) Average percent error 
6) Noise 
7) Gross error 
8) Linear regression 
9) Pearson correlation coefficient 
Source: Tikvart and Cox (1984) 
In the calculations of these performance measures, C0 repre-
sents the observed concentrations and Cp represents the 
model predictions. Models 1-4 are the same as in Table 8. 
A discussion of the statistical results follows the calcula-
tions. 
Model accuracy, the deviation from the measured concen-
tration, is assessed using the performance measures 
calculated in Table 12. 
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TABLE 12: Model Accuracy at BKK (Concentrations in ppb) 
Residual = co - c = /lC p 
Date Mar. Mar. Aug. Aug. Aug. 
Site 7-8 8-9 5-6 6-7 7-8 
A Model 1 -13.1 -14.4 -33.0 -33.7 -36.5 
II 2 2.9 -2.3 -7.8 -4.7 -7.9 
II 3 7.1 1.0 -1.0 3.0 -0.1 
II 4 -33.9 -37.8 -69.7 -69.1 -78.3 
B Model 1 -19.3 -6.1 -28.4 -28.4 -30.2 
II 2 -6.5 0.9 -12.2 -11.3 -13.2 
II 3 -0.5 3.3 -6.4 -4.7 -6.9 
II 4 -30.5 -21.6 -60.8 -58.0 -64.7 
Average Residual = (1/N) ~ flC = flC 
Model Site A Site B Both sites 
1 -26.14 -22.48 -24.31 
2 -3.96 -8.46 -6.21 
3 2.00 -3.04 -0.52 
4 -57.76 -47.12 -52.44 
Average Absolute Residual = (1/N) ~ IL\C I = -wT 
Model Site A Site B Both sites 
1 26.14 22.48 24.31 
2 5.12 8.82 6.97 
3 2.44 4.36 3.40 
4 57.76 47.12 52.44 
co - -wT 
Model Site A Site B Both sites 
1 -17.14 -18.48 -17.81 
2 3 . 88 -4.82 -0.47 
3 6.56 -0.36 3.10 
4 -48.76 -43.12 -45.94 
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TABLE 12 (Continued) 
Average Percent Error 
Concentration Model - Measured X 100% 
Average Measured 
Measured 6.5 -
Model 1 30.8 374 
II 2 12.8 97 
II 3 7.0 8 
II 4 59.0 808 
•concentration average is a ten day average, 
summing both sites. 
Model precision, the deviation within the data set, is 
assessed using the performance measures calculated in Table 
13. 
TABLE 13: Model Precision at BKK (Concentrations in ppb) 
Noise = <[1/(N- 1)] ~ [~C _ ~cJ2 > 1/2 
Model Site A Site B Both sites 
1 11.4 10.1 10.2 
2 4.5 5.8 4.9 
3 3.2 4.3 3.6 
4 20.4 19.6 18.8 
Gross Error = < [1/ (N - 1)] ~ [~C] 2 >1 / 2 
Model Site A Site B Both sites 
1 31.4 27.1 27 . 6 
2 6. 3 11.1 8.5 
3 3.9 5.5 4.5 
4 67.7 56.2 58.7 
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The linear regression and Pearson correlation coeffi-
cient for the four screening models are presented in Table 
14, with sites A and B analyzed separately and together. 
Model 
1 
2 
3 
4 
TABLE 14: Linear Regression and Pearson 
Correlation Coefficient at BKK 
Sites A & B Analyzed Separately 
Site A Site B 
co = 0.093Cp + 5 . 742 co = -0.231Cp + 
r = 0 .3 67 r = -0.890 
co = 0.233Cp + 5.980 co = -0.484Cp + 
r = 0.338 r = -0.884 
co = 0.425Cp + 6 . 024 co = -0.834Cp + 
r = 0.329 r = -0.914 
co = 0.032Cp + 6.830 co = -0 . 110Cp + 
r = 0.216 r = -0 .916 
Sites A'& B Analyzed Togethe r 
Mode l Both si tes 
1 co = 0.097Cp + 3.510 
r = 0.288 
2 co = -0.030Cp + 6.876 
r = -0.033 
3 co = -0.198Cp + 7.891 
r = -0.121 
4 co = 0.032Cp + 4.628 
r = 0.176 
10.111 
10.025 
9.869 
9.637 
Table 12 shows that model 2 and especially model 3 have 
the smallest residuals and percent errors. Similarly, Table 
13 shows that models 2 and 3 are most precise. 
Table 12 also shows that all four mode l s overestimate 
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concentrations and are, thus, biased. With respect to 
health and air quality standards, screening models should be 
conservative. Hence, overestimating concentrations is a 
desirable screening model attribute. Table 8 shows that on 
a daily basis, models 2 and 3 appear unbiased at sites A and 
B, as both models under and overestimated concentrations. 
However, the data set is too small to conclude this with 
much confidence. 
The significance of the correlation coefficients was 
calculated using (12) from Till (1974), with (n - 2) 
degrees of freedom: 
t = r~ J 1 - r 2 (1 2 ) 
The significance level for rejecting a null hypothesis of 
r = 0 was betwee n 0.05 and 0.10. 
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CHAPTER 5 
Summary and Conclusions 
Four air pollution screening models estimated the 
ambient air concentration of vinyl chloride downwind of the 
BKK Landfill. The emission rate of vinyl chloride was first 
estimated using parameters which included the concentration 
of vinyl chloride in landfill gas, the depth of the soil 
landfill cover, soil porosity, and the portion of the hilly 
landfill impacting two residential monitoring sites under 
different wind patterns. Wind and atmospheric stability 
conditions at BKK were estimated using hourly meteorological 
data from the Ontario International Airport. The screening 
models were evaluated by comparing model estimates with 
measured vinyl chloride concentrations. Model 3, a virtual 
point source model (U.S. EPA, 1981), closely estimated 
measured vinyl chloride concentrations, with an average 
error of 8%, and is recommended for assessing ambient organ-
ic chemical concentrations in addition to vinyl chloride 
downwind of landfills prior to making a decision to monitor 
concentrations or conduct more detailed modeling. 
Due to the lack of measurements of some emission rate 
input variables, these variables were approximated using 
background information. Approximating input data can result 
in errors in concentration estimates, in this case ranging 
from -113 to 2 3 7% of the concentrations used in the mode 1 
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evaluation. 
The poor performance of models 1 and 4 was not caused 
only by approximating input data. Model 1 (Shen, 1982) was 
designed for estimating dispersion from a ground level point 
source rather than an area source. Model 4, the simple box 
model (Gifford and Hanna, 1970), was designed for long term 
averages from an urban area source (and has performed well 
in urban area applications according to Sedefian, no date) 
and would not be expected to perform as accurately for a 
smaller area source such as a landfill. Model 4 also uses 
neutral stability for 24 hour averages and does not allow 
for varying stability on an hourly basis to match changing 
meteorological conditions. Hence, models 1 and 4 are not 
recommended for use with landfills. Models 2 (Turner, 1969) 
and 3, both virtual point source models, contain appropriate 
parameters for estimating dispersion from a small area 
source such as a landfill, so it was not surprising that 
these two models performed better than models 1 and 4. 
Models 2 and 3 should be further evaluated with 
monitoring data from a small, flat landfill for which 
information on the landfill chemical waste, landfill cover, 
landfill temperature, and on-site meteorological data are 
available. Proper siting of monitoring and meteorological 
instruments is critical in collecting representative data 
(Finkelstein et al., 1983). An evaluation based on concen-
trations of a chemical with a vapor pressure below 1 atm 
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would allow comparison of the emission rate equations, (2) 
and (4). With proper data, both of these emission rate 
equations could be compared with the equation of Farmer et 
al. (1980) for estimating the migration of landfill gases to 
the surface. 
Emission rate equations should be revised to include 
additional input parameters to improve simulation of the 
landfill emission process. Emission rate equations (2) and 
(4) have few common parameters. Neither (2) nor (4) include 
the effects of soil moisture, solubility of volatile organic 
chemical waste in soil moisture, infiltration, or wind. 
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APPENDIX A 
Ontario International Airport Meteorological Data (1984) 
Used in the BKK Analysis 
Appendix A contains the hourly wind speed, direction, 
and atmospheric stability data used in the BKK analysis. 
The meteorological data are presented to correspond with the 
monitoring data collection period, which was from 10:00 a.m. 
(LT) to 10:00 a.m. the following day. 
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-Mar. 7-8 Mar. 8-9 Aug. 5-6 Aug. 6-7 Aug. 7-8 
Hour(LT) Wind Stab Wind Stab Wind Stab Wind Stab Wind Stab 
lO:OOam 1305 B 0604 A 2105 B 0000 A 2505 A 
ll:OOam 0000 A 2103 A 2206 A 2305 A 1905 A 
12:00N 1904 A 2407 A 2506 A 2406 A 2307 A 
1:00pm 1808 A 2709 A 2209 A 2109 A 2109 A 
2:00pm 2506 A 2810 B 2208 A 2310 A 2310 B 
3:00pm 2210 B 2408 A 2107 A 2212 B 2212 B 
4:00pm 2510 B 2410 B 2314 B 2215 B 2313 B 
5:00pm 2410 B 2310 c 2313 B 2315 B 2316 B 
6:00pm 2610 c 2808 c 2215 c 2112 c 2215 c 
7:00pm 2407 D 2510 D 2013 c 2114 c 2312 c 
8:00pm 2705 D 2506 D 2011 D 2010 D 2210 D 
9:00pm 1105 D 2506 D 2110 D 2009 D 1806 D 
10:00pm 0000 D 1504 D 2209 D 1905 D 2208 D 
ll:OOpm 0000 D 0104 D 2308 D 2505 D 0000 D 
12:00mid 0105 D 0000 D 2005 D 0000 D 0000 D 
1:00am 0105 D 0305 D 0000 D 0000 D 0000 D 
2:00am 0000 D 3604 D 0000 D 0000 D 0000 D 
3:00am 0105 D 0305 D 0000 D 0000 D 0000 D 
4:00am 0105 D 3605 D 0000 D 0000 D 0000 D 
5:00am 3505 D 3605 D 0000 D 0000 D 3605 D 
6:00am 0205 D 3604 D 0000 D 0000 D 3505 D 
7:00am 0105 B 0000 B 0000 D 3505 B 3504 B 
8:00am 0404 B 2505 B 1105 B 1905 B 3503 B 
9:00am 0000 A 2505 B 0000 B 0000 B 1604 B 
Key 
Wind (XXYY) : XX = Direction in lOs of degrees 
YY = Speed in knots (knots /2 = m/s , approx.) 
Stab: Stability class (Turner, 1976) 
(Airport elevation is 950 feet above sea level; 
met. instruments are 3 meters above ground.) 
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APPENDIX B 
Daily Weather Maps Coinciding with 
the BKK Analysis 
Appendix B contains daily weather maps for the five 
sampling periods used in the BKK analysis (NOAA, 1984). For 
each date, a surface weather map and a 500-millibar height 
contour map are presented. 
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APPENDIX C 
Hourly Vinyl Chloride Concentration (ppb) Estimates 
at BKK by Model, Site, and Date 
Appendix C contains the hourly vinyl chloride concen-
tration estimates which were used in calculating the 24 hour 
average concentration estimates. As in Appendix A, the 
hourly concentrations are presented to correspond to the 
sampling period, which was from 10:00 a.m. (LT) to 10:00 
a.m. the following day. 
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Model 1 (Shen, 1982) 
Site A Site B 
Mar. Mar. Aug. Aug. Aug. Mar. Mar. Aug. Aug. Aug. 
Hour(LT) 7-8 8-9 5-6 6-7 7-8 7-8 8-9 5-6 6-7 7-8 
lO:OOam 0 0 0 0 0 0 0 0 0 0 
ll:OOam 0 0 0 0 0 0 0 0 0 0 
12:00N 0 0 0 0 0 0 0 0 0 0 
1:0Opm 0 1.4 0 0 0 0 0 0 0 0 
2:00pm 0 2.7 0 0 0 0 0 0 0 0 
3:00pm 0 0 0 0 0 0 0 0 0 0 
4:00pm 0 0 0 0 0 0 0 0 0 0 
5:00pm 0 0 0 0 0 0 0 0 0 0 
6:00pm 0 7.5 0 0 0 0 0 0 0 0 
7:00pm 0 0 0 0 0 0 0 0 0 0 
8:00pm 27 0 0 0 0 0 0 0 0 0 
9:00pm 0 0 0 0 0 181 0 0 0 0 
lO:OOpm 105 0 0 0 0 74 0 0 0 0 
ll:OOpm 105 53 0 0 155 74 37 0 0 110 
12:00mid 42 106 0 155 155 29 74 0 110 110 
1:00am 42 42 155 155 155 29 29 110 110 110 
2:00am 105 53 155 155 155 74 37 110 110 110 
3:00am 42 42 155 155 155 29 29 110 110 110 
4:00am 42 42 155 155 155 29 29 110 110 110 
5:00am 42 42 155 155 62 29 29 110 110 44 
6:00am 42 53 155 155 62 29 37 110 110 44 
7:00am 8.4 21 31 12 16 5.4 14 20 8.1 10 
8:00am 0 0 0 0 21 0 0 49 0 14 
9:00am 0 0 0 0 0 0 0 0 0 0 
24 hour 
average 25.1 19.4 40.0 45.7 45.5 24.3 13.1 30.4 32.4 32.2 
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Model 2 (Turner, 1969) 
Site A Site B 
Mar. Mar. Aug. Aug. Aug. Mar. Mar. Aug. Aug. Aug. 
Hour(LT) 7-8 8-9 5-6 6-7 7-8 7-8 8-9 5-6 6-7 7-8 
10:00am 0 0 0 0 0 0 0 0 0 0 
11:00am 0 0 0 0 0 0 0 0 0 0 
12:00N 0 0 0 0 0 0 0 0 0 0 
1:00pm 0 1.0 0 0 0 0 0 0 0 0 
2:00pm 0 1.7 0 0 0 0 0 0 0 0 
3:00pm 0 0 0 0 0 0 0 0 0 0 
4:00pm 0 0 0 0 0 0 0 0 0 0 
5:00pm 0 0 0 0 0 0 0 0 0 0 
6:00pm 0 3.9 0 0 0 0 0 0 0 0 
7:00pm 0 0 0 0 0 0 0 0 0 0 
8:00pm 9.8 0 0 0 0 0 0 0 0 0 
9:00pm 0 0 0 0 0 85 0 0 0 0 
10:00pm 38 0 0 0 0 35 0 0 0 0 
11:00pm 38 19 0 0 56 35 17 0 0 52 
12:00mid 15 38 0 56 56 14 35 0 52 52 
1:00am 15 15 56 56 56 14 14 52 52 52 
2:00am 38 19 56 56 56 35 17 52 52 52 
~OOam 15 15 56 56 56 14 14 52 52 52 
4:00am 15 15 56 56 56 14 14 52 52 52 
5:00am 15 15 56 56 23 14 14 52 52 21 
6:00am 15 19 56 56 23 14 17 52 52 21 
7:00am 5.3 13 20 7.8 9.8 2.2 5.5 8.2 3.3 4.1 
8:00am 0 0 0 0 13 0 0 20 0 5.5 
9:00am 0 0 0 0 0 0 0 0 0 0 
24 hour 
average 9.1 7.3 14.8 16.7 16.9 11.5 6.1 14.2 15.3 15.2 
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Model 3 (U.S. EPA, 1981) 
Site A Site B 
Mar. Mar. Aug. Aug. Aug. Mar. Mar. Aug. Aug. Aug. 
Hour(LT) 7-8 8-9 5-6 6-7 7-8 7-8 8-9 5-6 6-7 7-8 
!O:OOam 0 0 0 0 0 0 0 0 0 0 
ll:OOam 0 0 0 0 0 0 0 0 0 0 
12:00N 0 0 0 0 0 0 0 0 0 0 
1:00pm 0 1.0 0 0 0 0 0 0 0 0 
2:00pm 0 1.3 0 0 0 0 0 0 0 0 
3:00pm 0 0 0 0 0 0 0 0 0 0 
4:00pm 0 0 0 0 0 0 0 0 0 0 
5:00pm 0 0 0 0 0 0 0 0 0 0 
6:00pm 0 2.4 0 0 0 0 0 0 0 0 
7:00pm 0 0 0 0 0 0 0 0 0 0 
8:00pm 6.0 0 0 0 0 0 0 0 0 0 
9:00pm 0 0 0 0 0 21 0 0 0 0 
!O:OOpm 20 0 0 0 0 20 0 0 0 0 
!1:00pm 20 10 0 0 30 20 9.8 0 0 29 
12:00mid 8.1 20 0 30 30 7.8 20 0 29 29 
1:00am 8.1 8.0 30 30 30 7.8 7.8 29 29 29 
2:00am 20 10 30 30 30 20 9.8 29 29 29 
3:00am 8.1 8.0 30 30 30 7.8 7.8 29 29 29 
4:00am 8.1 8.0 30 30 30 7.8 7.8 29 29 29 
5:00am 8.1 8.0 30 30 12 7.8 7.8 29 29 12 
6:00am 8.1 10 30 30 12 7.8 9.8 29 29 12 
7:00am 3.6 8.9 13 5.2 6.5 3.4 8.6 13 5.1 6.4 
8:00am 0 0 0 0 8.7 0 0 14 0 8.5 
9:00am 0 0 0 0 0 0 0 0 0 0 
24 hour 
average 4.9 4.0 8.0 9.0 9.1 5.5 3.7 8.4 8.7 8.9 
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Model 4 (Gifford and Hanna, 1970) 
Site A Site B 
Mar. Mar. Aug. Aug. Aug. Mar. Mar. Aug. Aug. Aug. 
Hour(LT) 7-8 8-9 5-6 6-7 7-8 7-8 8-9 5-6 6-7 7-8 
10:00am 0 0 0 0 0 0 0 0 0 0 
11:00am 0 0 0 0 0 0 0 0 0 0 
12:00N 0 0 0 0 0 0 0 0 0 0 
1:00pm 0 37 0 0 0 0 0 0 0 0 
2:00pm 0 34 0 0 0 0 0 0 0 0 
3:00pm 0 0 0 0 0 0 0 0 0 0 
4:00pm 0 0 0 0 0 0 0 0 0 0 
5:00pm 0 0 0 0 0 0 0 0 0 0 
6:00pm 0 42 0 0 0 0 0 0 0 0 
7:00pm 0 0 0 0 0 0 0 0 0 0 
8:00pm 67 0 0 0 0 0 0 0 0 0 
9:00pm 0 0 0 0 0 69 0 0 0 0 
10:00pm 179 0 0 0 0 135 0 0 0 0 
11:00pm 179 89 0 0 263 135 67 0 0 201 
12:00mid 71 179 0 263 263 54 1 35 0 201 201 
1:00am 71 72 263 263 263 54 54 201 201 201 
2:00am 179 89 263 263 263 135 67 201 201 201 
3:00am 71 72 263 263 263 54 54 201 201 201 
4:00am 71 72 263 263 263 54 54 201 201 201 
5:00am 71 72 263 263 105 54 54 201 201 80 
6:00am 71 89 263 263 105 54 67 201 201 80 
7:00am 71 179 263 105 131 54 135 201 80 100 
8:00am 0 0 0 0 175 0 0 100 0 134 
9:00am 0 0 0 0 0 0 0 0 0 0 
24 hour 
average 45.9 42.8 76.7 81.1 87.3 35.5 28.6 62.8 62.0 66.7 
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